In the present study, we tested the hypothesis that intrinsic differences in ATP consumption rate per cross-bridge exist across rat diaphragm muscle (DIAm) fibers expressing different myosin heavy chain (MHC) isoforms. During maximum Ca ). Based on these results, we conclude that there are intrinsic differences in ATP consumption rate per cross-bridge in DIAm fibers expressing MHC isoforms.
activation (pCa 4.0) of single, Triton-X permeabilized DIAm fibers, isometric ATP consumption rate was determined using an NADH-linked fluorometric technique. The MHC concentration in single DIAm fibers was determined by densitometric analysis of SDS-PAGE gels and comparison to a standard curve of known MHC concentrations.
Isometric ATP consumption rate varied across DIAm fibers expressing different MHC isoforms, being highest in fibers expressing MHC 2X (1.14 ± 0.08 nmol mm ) and/or MHC 2B (2.64 ± 0.15 s 
INTRODUCTION
Cross-bridge cycling in skeletal muscle fibers depends on the hydrolysis of ATP at the myosin heavy chain (MHC), and ATP consumption rate during cross-bridge cycling is a major determinant of the mechanical performance of skeletal muscle fibers (9, 10, 20, 25, 39) . The chemo-mechanical transduction of the cross-bridge cycle is essentially an enzymatic reaction involving the consumption of one ATP molecule per cycle. Huxley's original model described cross-bridges cycling between two functional states: a force-generating state, in which cross-bridges are strongly attached to actin, and a non-force-generating state, in which cross-bridges are detached from actin (27, 28) .
Two apparent rate constants describe the transitions between these two functional states, one for strong cross-bridge attachment (f app ) and the second for cross-bridge detachment (g app ). Based on this two-state model of cross-bridge cycling, Brenner (6) (7) (8) proposed an analytical framework for chemo-mechanical transduction in which ATP consumption rate during cross-bridge cycling is described by the following equation:
ATP Consumption Rate = b n g app α fs (1) Where b is the number of half sarcomeres within a muscle fiber, n is the number of available cross-bridges per half-sarcomere, and α fs is the fraction of available crossbridges that are in a strongly bound state.
The rate of ATP consumption varies across fibers expressing different MHC isoforms in humans (2, 23, 40) and in rats (1, 11, 37, 38) . These MHC-isoform dependent differences in ATP consumption rate generally correspond with differences in maximum shortening velocity across different fiber types reflecting differences in g app (3, 11, 33-35, 37, 38, 42 ). In addition, recent studies indicate that MHC content per half sarcomere (reflecting n, the number of available cross-bridges) varies across muscle fibers expressing different MHC isoforms (14) (15) (16) (17) . Certainly, differences in fiber MHC content might affect ATP consumption rate independent of differences in ATP consumption rate per myosin head. In the rat diaphragm muscle (DIAm), differences in force generated by fibers expressing different fast MHC isoforms (i.e., MHC 2A , MHC 2X and MHC 2B ) disappear after normalization for MHC content per half-sarcomere while force generated by fibers expressing MHC Slow remains lower even after normalization for half-sarcomere MHC content (16) . These results suggested that there are intrinsic differences in force per cross-bridge between fibers expressing fast and slow MHC isoforms. In the present study, ATP consumption rate of rat DIAm fibers was normalized for fiber MHC concentration to test the hypothesis that intrinsic differences in ATP consumption rate per cross-bridge exist across different MHC isoforms.
METHODS
Studies were performed on adult male Sprague Dawley rats (body weight ~300 g). The Institutional Animal Care and Use Committee of the Mayo Clinic approved all procedures.
Tissue preparation and single fiber dissection. Animals were anesthetized using intramuscular injection of ketamine (60mg/kg) and xylazine (2.5mg/kg), and the right side of the DIAm was excised. Muscle fiber bundles were then stretched (~ 20% of relaxed length approximating optimal length, Lo), pinned on cork and placed for 24 h in a relaxing solution consisting of: 100.0 mM KCl; 1.0 mM MgCl 2 ; 4.0 mM Na 2 ATP; 5.0 mM ethylene glycol-bis (b-aminoethylether)-N,N,N',N'-tetraacetic acid, 10 mM imidazole at a pH of 7.0 at 5ºC. The fiber bundles were then stored in relaxing solution containing 50% glycerol (v/v) for up to three weeks. Prior to single fiber dissection, a fiber bundle was placed in relaxing solution containing 1% Triton X-100 to permeabilize the plasma membrane. While in the skinning solution (~20 min) single fibers were dissected under a dissecting microscope. Prior to measurements of ATP consumption rate, the fibers were transferred from the skinning solution to a relaxing solution (pCa 9.0). In a previous study (16) , the XY and XZ axis measurements obtained using this inverted microscope system were directly compared to measurements obtained using a confocal microscope (Olympus Fluoview). As expected, there were no differences in XY axis measurements; however, XZ axis measurements made using the inverted system werẽ 20% shorter than the XZ diameter measured using the confocal system. Based on these differences, a correction factor for Z-axis distortion was established and used to calculate fiber cross-sectional area (CSA) and volume.
Measurement
Baseline force and ATP consumption rate measurements were obtained while fibers were perfused with a pCa 9.0 solution. The perfusate was then switched to a pCa 4.0 solution to maximally activate the fibers. Following maximal activation, the fiber was again perfused with a pCa 9.0 solution to verify that force and ATP consumption rate returned to baseline levels ( Fig. 1) . Maximum specific force (F max , N cm -2 ) was calculated by dividing the maximum isometric force by the corrected fiber CSA (see above). In a subset of muscle fibers, resting and activated stiffness was determined using sinusoidal length oscillations (0.2% L o ) at 2 kHz, and normalized for fiber CSA. The ratio of fiber stiffness during maximal activation in a rigor solution (pCa 4.0 without ATP) versus activation in a normal pCa 4.0 (with ATP) solution was used to determine the fraction of cross bridges in the strongly bound force generating state (α fs ) (Fig. 2) .
The apparent rate constant of cross-bridge detachment (g app ) was calculated using Eq. (1) based on the measured parameters of b, n, α fs , and ATP consumption rate. The value n was derived by multiplying MHC concentration (µg/µl) by half-sarcomere fiber volume (µl). The unit of MHC concentration (µg/µl) was converted to µmol/L by dividing MHC concentration by the molecular weight of the specific MHC isoform (~220 kDa) (31) and then the unit of mole in n was replaced by Avogadro's number (Table 1) .
Measurement of fiber MHC concentration.
The methods used to determine MHC concentration in single DIAm fibers have been previously described (14) (15) (16) (17) . Single dissected DIAm fibers were placed in 25 µl of SDS sample buffer containing 62.5 mM tris (hydroxymethyl) aminomethane-HCL, 2% (w/v) SDS, 10% (v/v) glycerol, 5% 2-Mercaptoethanol, and 0.001% (w/v) bromophenol blue at a pH of 6.8. The fiber samples were denatured by boiling for 2 min. Gradient gels were prepared using a modified procedure by Suguira and Murakami (41 isoform. The specificity of these isoforms was previously determined (26, 36) . Each (Fig. 3) . 
RESULTS
ATP consumption rate and maximum specific force. ATP consumption rate and maximum isometric force were simultaneously measured (Fig. 1 ) in a total of 65 rat DIAm fibers. In addition, maximum isometric force was measured in another 41 DIAm fibers in which fiber stiffness was also assessed (see below). Due to technical constraints, fiber stiffness and ATP consumption rate could not be determined in the same fibers.
Maximum force for each fiber was normalized for cross-sectional area to determine maximum specific force (F max ; (Fig. 7) . The ATP consumption rate per myosin head of fibers expressing MHC 2A was significantly higher than that of fibers expressing MHC Slow .
Isometric tension cost.
Isometric tension cost of rat DIAm fibers was determined by the ratio of ATP consumption rate to the corresponding isometric force. Isometric tension cost varied across DIAm fibers being highest in fibers expressing MHC 2X alone or together with MHC 2B followed in the rank order by fibers expressing MHC 2A and MHC Slow (Fig. 8) . The isometric tension cost of fibers expressing MHC 2A was higher than that of fibers expressing MHC Slow .
DISCUSSION
The results of the present study supported the hypothesis that intrinsic differences in ATP consumption rate per cross-bridge (myosin head) exist across rat DIAm fibers expressing different MHC isoforms. As previously reported (1, 37, 38) , isometric ATP consumption rate was found to vary across DIAm fibers expressing different MHC isoforms, being slowest in fibers expressing MHC Slow followed in rank order by fibers expressing MHC 2A , MHC 2X and/or MHC 2B . The results of the present study indicate that fiber type differences in isometric ATP consumption rate are not due to differences in fiber MHC concentration. Intrinsic differences in ATP consumption rate per cross-bridge are entirely consistent with differences in cross-bridge cycling rate (37, 38) and maximum unloaded shortening velocity (1, 11, 37, 38) .
Eq.
(1) provides a conceptual framework to better understand the chemomechanical transduction of the cross-bridge cycle in skeletal muscle fibers. From Eq. (1) it can be seen that ATP consumption rate in single muscle fibers is dependent on a number of factors including the total number of cross-bridges (the product of b, the number of half sarcomeres within a muscle fiber, and n, the number of available crossbridges per half-sarcomere), the rate constant for cross-bridge detachment (g app ), and the fraction of strongly bound cross-bridges (α fs ) (5, 29, 37 in the rate of ATP consumption per cross-bridge. To the best of our knowledge, this is the first report of isoform-specific differences in ATP consumption rate per myosin head.
Isometric ATP consumption rate. In the present study, isometric ATP consumption rate differed across DIAm fibers expressing different MHC isoforms, being highest in fibers expressing MHC 2X alone or together with MHC 2B followed by fibers expressing MHC 2A
and MHC Slow (Fig. 4) . The ATP consumption rate across rat DIAm fibers expressing different MHC isoforms had the same rank order as the maximum shortening velocity results reported by Bottinelli and colleagues (1) and Sieck and colleagues (34) . On average, the resting ATP consumption rate across DIAm fibers expressing different MHC isoforms was found to be 0.09 ± 0.008 nmol mm (rat hindlimb muscle and rat diaphragm muscle) in the two studies might also contribute to the discrepancy. In contrast to the present study, Bottinelli and colleagues measured NADH concentration by absorbency rather than fluorometry.
Fiber MHC concentration.
In the present study, we found that MHC concentration was comparable across DIAm fibers expressing different MHC isoforms. Previously, we reported differences in MHC content per half-sarcomere (14, 16) , which are largely attributed to fiber type differences in cross-sectional area and to a lesser extent to differences in myofibrillar density and thick-thin filament lattice spacing (13 
